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Drug addiction is a severe psychiatric disorder characterized 
by the compulsive pursuit of drugs of abuse despite potential 
adverse consequences. Although several decades of studies 
have revealed that psychostimulant use can result in extensive 
alterations of neural circuits and physiology, no effective ther-
apeutic strategies or medicines for drug addiction currently 
exist. Changes in neuronal connectivity and regulation occur-
ring after repeated drug exposure contribute to addiction-like 
behaviors in animal models. Among the involved brain areas, 
including those of the reward system, the striatum is the ma-
jor area of convergence for glutamate, GABA, and dopamine 
transmission, and this brain region potentially determines 
stereotyped behaviors. Although the physiological conse-
quences of striatal neurons after drug exposure have been 
relatively well documented, it remains to be clarified how 
changes in striatal connectivity underlie and modulate the 
expression of addiction-like behaviors. Understanding how 
striatal circuits contribute to addiction-like behaviors may lead 
to the development of strategies that successfully attenuate 
drug-induced behavioral changes. In this review, we summa-
rize the results of recent studies that have examined striatal 
circuitry and pathway-specific alterations leading to addiction-
like behaviors to provide an updated framework for future 
investigations. 
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INTRODUCTION 
 
Drug addiction involves perseverant and compulsive drug 
seeking and attempts to obtain and consume drugs despite 
aversive consequences. One leading circuit-level hypothesis 
for how addiction arises is that maladaptive neuroadapta-
tions are caused by reward circuits because the dopamine 
system is usurped by the addictive substances (Everitt and 
Robbins, 2005; Wise, 1998). The main brain areas compos-
ing the reward circuits are distributed across multiple areas 
and include the basal ganglia (including the striatum), the 
limbic system (including the amygdala and the hippocam-
pus), and the prefrontal cortex (PFC). Among these regions, 
the striatum is the core input nucleus and plays key roles in 
reward-related learning as well as in addictive behaviors. The 
acquisition and maintenance of addiction-like behaviors 
appear to arise from a series of molecular and cellular adap-
tations in striatal circuits (Gerfen and Surmeier, 2011; Hy-
man et al., 2006). 
In fact, the striatum is composed of several subregions that 
exhibit distinct connectivity and consequently different func-
tional roles. In rodents, the dorsomedial striatum (DMS) and 
the dorsolateral striatum (DLS) receive excitatory inputs from 
the limbic and sensorimotor cortices, respectively, while the 
intermediate region is activated by axons from the associa-
tion cortex (Crittenden and Graybiel, 2011). The ventral 
region of the striatum includes the nucleus accumbens 
(NAc), which consists of the core and shell subregions. The  
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Fig. 1. Diverse afferent and efferent connectivity in
the striatum. Medial PFC, medial prefrontal cor-
tex; PrL, prelimbic cortex; IL, infralimbic cortex;
vHPC, ventral hippocampus; DMS, dorsomedial
striatum; DLS, dorsolateral striatum; NAc, nucleus
accumbens; BLA, basolateral amygdala; D1R,
dopamine receptor type 1; D2R, dopamine re-
ceptor type 2; VTA, ventral tegmental area; SNpc,
substantia nigra pars compacta; Glut/DA, gluta-
mate and dopamine co-transmission (not dis-
cussed in this review). 
 
NAc is innervated by the basolateral amygdala (BLA), hippo-
campus, and medial PFC (Alexander et al., 1986; Haber, 
2003). Importantly, the striatum receives abundant dopa-
minergic innervation from the midbrain. The NAc receives 
dopaminergic inputs from the ventral tegmental area (VTA), 
whereas the dorsal striatum receives dopaminergic inputs 
mainly from the substantia nigra pars compacta (SNpc) 
(Amalric and Koob, 1993). 
Thus, the striatum is considered an area of convergence 
for various inputs from multiple cortical areas and midbrain 
structures (Bolam et al., 2000; Kincaid et al., 1998; Smith et 
al., 1994) (Fig. 1). Within striatal circuits, the integration of 
various synaptic contacts has been described: gamma-
aminobutyric acid (GABA)-ergic innervation has been ob-
served (Brown et al., 2012) along with glutamatergic synap-
ses located on the heads of spines on striatal medium spiny 
neurons (MSNs) and dopaminergic synapses on the necks of 
spines (Freund et al., 1984). Therefore, the striatum likely 
enables expression through activation and integration of 
distinct neuronal signals, and defining the role of each 
pathway will substantially aid in our understanding for addic-
tive behaviors. 
In addition to the striatal connectome, the unique compo-
sition of the striatal neuronal populations must also be ad-
dressed. Striatal neurons comprise mainly GABAergic MSNs 
but also a small population of various types of interneurons. 
The MSNs, which exhibit low firing rates and high spine 
densities, are further divided into two subtypes: dopamine 
receptor type 1 (D1R)-expressing and D2R-expressing MSNs 
(Gerfen et al., 1990). The striatal interneuron population 
includes fast-spiking parvalbumin-positive interneurons, low 
threshold-spiking somatostatin-positive interneurons, and 
tonically active cholinergic interneurons (ChINs). Although 
dynamic regulation of synaptic plasticity at individual path-
ways appears to play a pivotal role in the expression of dis-
tinct addiction-like behavioral phenotypes, it remains un-
known which striatal circuits are implicated and modulate 
specific forms of the behaviors. 
Along with other accumulating knowledge, emerging 
methods, such as optogenetics and chemogenetics further 
increase our understanding of addiction-related striatal circuits 
(Ferguson and Neumaier, 2015; Tye and Deisseroth, 2012). 
Using these molecular and cellular approaches, we have just 
begun to characterize the causal brain regions and related 
circuits playing distinct roles in addiction-like behaviors. In 
here, we summarize recent studies examining pathway-
specific regulation of inbound and outbound striatal circuits 
and also provide conceptual bases for future investigations. 
 
MESO-STRIATAL CIRCUIT 
 
Dopamine released in the target brain areas controls and 
shapes the neural circuits and addictive behaviors. A majority 
of dopaminergic neurons in the brain are located in the VTA 
and the SNpc, which project to the ventral and dorsal stria-
tum, respectively. Psychostimulants, including cocaine and 
amphetamine, elevate dopamine concentrations in these 
target brain areas by blocking reuptake of dopamine at the 
axon terminal (Giorgetti et al., 2001; Kalivas and Duffy, 
1993). As a result, accumulation of extracellular dopamine 
by drug intake may induce abnormal dopamine-dependent 
plasticity (Gerfen and Surmeier, 2011). Indeed, single or 
repeated exposure to addictive drugs induces long-term 
synaptic plasticity that can persist for months (Borgland et al., 
2004). Such observations have supported the view that ad-
dictive drugs hijack dopamine pathways and may account 
for long-lasting remodeling of synaptic transmission (Wise 
and Koob, 2014). 
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A physiological consequence of increased excitatory inputs 
to VTA dopamine neurons is the heighted activation of the 
mesolimbic pathway, which may in turn contribute to addic-
tion states (Saal et al., 2003; Ungless et al., 2001). These 
findings have been substantiated by recent studies using 
optogenetic manipulation mimicking the activity of dopa-
mine neurons and acting as a positive reinforcer (Steinberg 
et al., 2014). For example, activation of dopamine neurons 
supports operant responding, which represents reward-
seeking behaviors (Adamantidis et al., 2011; Pascoli et al., 
2015), and conditioned place preference (CPP), which rep-
resents reward learning (Tzschentke, 1998), both of which 
are paralleled by an elevation of dopamine (Tsai et al., 2009; 
Witten et al., 2011). Thus, activation of the mesostriatal 
dopaminergic pathway could determine dopamine-induced 
plasticity that is critical for setting up and maintaining drug 
addiction. 
The NAc receives not only dopaminergic but also GABAer-
gic inputs from the mesolimbic pathway (Brown et al., 
2012). However, it is not well understood how inhibitory 
transmission is provided by the long-range GABAergic pro-
jections from the VTA, and whether or not the pathway 
modulates drug-seeking behavior. The VTA GABAergic pro-
jections synapse on the soma and proximal dendrites of 
ChINs in the NAc (Brown et al., 2012). ChINs express D2Rs 
and also control dopamine release; thus activation of ChINs 
could modulate spontaneous dopamine release (Alcantara 
et al., 2003; Cachope et al., 2012; Yorgason et al., 2017). 
Moreover, collateral dopaminergic and GABAergic projec-
tions from the VTA to the NAc heterosynaptically induce 
long-term depression (LTD) in inhibitory transmission (Ishi-
kawa et al., 2013). Interestingly, this LTD is occluded after 
withdrawal from cocaine exposure (Ishikawa et al., 2013). 
Thus, the physiological roles of the accumbal ChINs could 
contribute to the altered emotional and motivational states 
that occur during drug (Warner-Schmidt et al., 2012). How-
ever, it is still unclear whether and how this cholinergic regu-
lation is involved in controlling addiction-like behaviors. 
 
CORTICO-STRIATAL CIRCUIT 
 
The corticostriatal pathway has been extensively character-
ized, and its physiological relevance has long been empha-
sized as a part of the cortico–striato–thalamic circuit that is 
implicated in cognitive hierarchies (Haber, 2003; Kalivas, 
2009). Specifically, the PFC participates in modulating goal-
directed behaviors by re-evaluation of drug-associated in-
strumental response contingency (Dalley et al., 2004; Kill-
cross and Coutureau, 2003; Ostlund and Balleine, 2005). 
Neuronal information from the PFC is conveyed to the stria-
tum, which may result in habit learning (Yin and Knowlton, 
2006). Indeed, synaptic potentiation is observed in the me-
dial PFC–striatal circuits of drug-seeking mice after sustained 
withdrawal. This increased synaptic strength may suggest 
the potential role of the medial PFC–striatal pathway for cue-
induced drug-seeking responses (Pascoli et al., 2014). The 
medial PFC can be further divided into the prelimbic cortex 
(PrL) and infralimbic cortex (IL), preferentially projecting to 
the NAc core and shell, respectively. The PrL and IL putatively 
exhibit opposite roles in drug addiction, especially when 
being subjected to changing environmental contingencies 
during and after extinction training. Consistent with this 
notion, inactivation of the PrL prevents reinstatement of 
drug memory (Fuchs et al., 2007; Kalivas and McFarland, 
2003; Stefanik et al., 2013), whereas inactivation of the IL 
facilitates reinstatement of drug-seeking behavior (Peters et 
al., 2008). However, there are incongruent studies indicating 
functional roles of the medial PFC in incubation of drug crav-
ing (Bossert et al., 2011; Koya et al., 2009; Ma et al., 2014). 
Therefore, it is worth investigating how distinct cortico-
striatal pathways control and sculpt the learning and expres-
sion of goal-directed instrumental behavior, ultimately up-
dating the value of drug-seeking behavior. 
 
AMYGDALO–ACCUMBAL CIRCUIT 
 
Addictive drugs or psychostimulants modulate emotional 
states, and recreational drug use can induce positive rein-
forcement and advance the progression of the addiction 
stages. The amygdala, which plays pivotal roles in emotional 
learning and memory, also appears to be involved in addic-
tion-like behavior. Principal neurons in the BLA project to the 
NAc, and the functional role of this pathway has been initial-
ly addressed by disconnection studies. For example, selective 
lesion of the BLA or NAc core results in impaired acquisition 
of drug-seeking behavior (Fuchs et al., 2002; Whitelaw et al., 
1996). The BLA–NAc pathway was recently shown to medi-
ate behaviors associated with positive or negative valences 
(Kim et al., 2016; Paton et al., 2006; Stuber et al., 2011). 
Applying optical stimulation to this pathway promotes moti-
vated behavior, which requires D1R-expressing but not D2R-
expressing MSNs (Stuber et al., 2011). Stuber and col-
leagues (2011) demonstrated that intracranial self-
stimulation of the amygdala projection, but not the cortical 
inputs, to the NAc induces positive reinforcement. The data 
are consistent with other studies that indicate significant 
alteration of the D1R-expressing MSNs after repeated drug 
exposure and the previous observation that the amygdala–
striatal circuits are critical for selectively strengthening the 
innervation of D1R-expressing MSNs in the NAc (Lee et al., 
2013; Pascoli et al., 2014). Furthermore, synaptic alterations 
in only the BLA–NAc circuit are sufficient to control locomo-
tor sensitization (MacAskill et al., 2014), CPP expression, and 
craving behavior through the maturation of silent synapses 
and recruitment of calcium-permeable AMPA receptors 
(Brown et al., 2011; Lee et al., 2013; Shukla et al., 2017). 
The hM4Di-mediated chemogenetic modulation of Gi/o sig-
naling in the amygdala–striatal circuit attenuates locomotor 
sensitization to drug exposure, but does not affect basal 
locomotion (MacAskill et al., 2014). Taken together, these 
findings suggest that the BLA–NAc circuit plays necessary 
and critical roles for reinforcement learning, and putatively 
addiction-like, behaviors. 
 
HIPPOCAMPAL–STRIATAL CIRCUIT 
 
The ventral hippocampus (vHPC) is another major source of 
glutamatergic inputs to the NAc, especially to the medial 
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shell (Zhu et al., 2016). Indeed, vHPC neurons activate NAc 
MSNs, with stronger inputs on D1R-expressing rather than 
D2R-expressing MSNs. This vHPC–NAc pathway is also af-
fected by cocaine exposure. After repeated non-contingent 
injections of cocaine, the bias in the amplitude of excitatory 
currents in D1R- and D2R-MSNs is abolished, suggesting 
that the vHPC–NAc pathway is capable of mediate drug-
induced synaptic plasticity (MacAskill et al., 2014). Indeed, 
lesions of the dorsal subiculum result in hyperactivity, 
whereas lesions of the ventral subiculum reduce locomotor 
responses to amphetamine and impair acquisition of cocaine 
self-administration (Caine et al., 2001; Rogers and See, 
2007). Interestingly, the vHPC–striatal pathway is potentiat-
ed after drug exposure (Britt et al., 2012) and supports dis-
crimination of drug-associated actions in the operant cham-
ber (Pascoli et al., 2014). Thus, hippocampal inputs to the 
NAc, especially to the shell, would be highly involved in both 
the psychomotor stimulant effect and information pro-
cessing of the contextual values. The preponderance of evi-
dence suggests that the hippocampus is necessary for the 
expression of drug addiction-like behaviors. 
 
STRIATAL DIRECT AND INDIRECT PATHWAYS 
 
As described above, GABAergic MSNs constitute either the 
direct or indirect pathway based on their projection targets. 
The direct pathway comprises D1R-expressing MSNs that 
directly project to basal ganglia output nuclei, such as the 
substantia nigra or subthalamic nucleus. By contrast, the 
indirect pathway is composed of D2R-expressing MSNs that 
project to other basal ganglia nuclei that subsequently inner-
vate output nuclei (e.g., the globus pallidus externa) (Gerfen 
and Surmeier, 2011). The D1R is a Gs/a protein-coupled re-
ceptor whose activation results in stimulation of adenylyl 
cyclase, whereas the D2R is a Gi/a protein-coupled receptor 
whose activation inhibits adenylyl cyclase (Neve et al., 2004). 
Chemogenetic inhibition of D1R-MSNs in the dorsal striatum 
suppresses locomotor sensitization, while inhibition of D2R-
MSNs promotes locomotor activity after amphetamine expo-
sure (Ferguson et al., 2011). Furthermore, dorsal striatal 
D1R-MSNs likely mediate acquisition of reinforced behavior 
and place preference behavior, whereas D2R-MSNs play a 
sufficient role for place aversion (Kravitz et al., 2012). 
Chemogenetic inhibition of striatal D2R-MSNs increases 
motivation for cocaine (Bock et al., 2013). 
Expression of D1R is necessary to produce cocaine self-
administration behavior (Caine et al., 2007). By contrast, 
D2R is not essential for self-administration behavior (Caine et 
al., 2002), but the activation of striatal D2R-MSNs rather 
impairs locomotor sensitization (Lobo et al., 2010). Further-
more, the ablation of striatal D2R-expressing MSNs results in 
increased amphetamine CPP (Durieux et al., 2009), suggest-
ing that D2R-expressing MSNs in the NAc play an inhibitory 
role in addiction-like behaviors. Taken together, this evidence 
suggests that the expression of addiction-like behaviors is 
controlled by the balanced activity of D1Rs and D2Rs, which 
are differentially expressed in distinct subtypes of projection 
neurons in the striatum. However, it still remains challenging 
to conclusively establish differential roles for each MSN type 
in addiction-like behaviors. 
Axons from both D1R-MSNs and D2R-MSNs in the NAc 
innervate the ventral pallidum (VP) (Creed et al., 2016). The-
se pathways appear to encode the overall direction of the 
behavioral outputs. Normalization of cocaine-induced plas-
ticity at NAc–VP synapses by optogenetic modulation of the 
direct pathway indicates that the collateral NAc–VP pathway 
composed of D1R-MSNs is necessary for locomotor sensiti-
zation and maintenance of motivation for cocaine seeking 
(Creed et al., 2016). Interestingly and also in agreement with 
the optogenetic results, drug-induced (i.e., amphetamine) 
sensitization is blocked by Gs-coupled receptor activation of 
the adenosine A2a receptor, a marker of D2R-MSNs, ex-
pressing neurons (Farrell et al., 2013). Thus, activation of 
D2R-MSNs seems to lead to lateral inhibition of the D1R-
MSNs in the NAc to control reward-related behaviors. Expo-
sure to cocaine suppresses this lateral inhibition, which thus 
promotes behavioral sensitization (Dobbs et al., 2016). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2. Distinct striatal circuits involved in the progression of addiction-like behaviors. Each pathway (represented by numbers) has been 
examined using optogenetic or chemogenetic modulation to determine its physiological contribution to the various addiction progres-
sion phases. 
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ADDITIONAL COMPONENTS UNDERLYING 
ADDICTION-LIKE BEHAVIORS 
 
In the progression of drug addiction, relapse is the recur-
rence of addiction that had advanced to recovery or remis-
sion. Stress is a major priming stimulus for triggering relapse 
(Kalivas and McFarland, 2003), and addictive drugs that 
have hedonic effects may help cope with the stressful condi-
tions. There is ample evidence that stress increases the oc-
currence of relapse, but the cellular and molecular mecha-
nisms have just begun to be addressed. For example, activa-
tion of extracellular signal-regulated kinase by brain-derived 
neurotrophic factor (BDNF) in the mesostriatal pathway is 
required for acquisition of drug-induced sensitization and 
CPP (Lobo et al., 2010). BDNF-mediated dopamine neuron 
activation is controlled by corticotropin-releasing factor (CRF; 
also known as corticotropin-releasing hormone), which is 
released under stressful conditions (Walsh et al., 2014). CRF 
signaling, which arises from the extended amygdala struc-
tures, including the central amygdala, may contribute to the 
priming of drug seeking in stressful conditions (Shaham et 
al., 2000). 
Another factor that needs to be addressed in drug addic-
tion is the connectivity between neural ensembles that arise 
from the association between sensory inputs and the hedon-
ic effect of drugs. Considering that drug-induced plasticity 
occurs at a small subset of activated striatal neurons (Koya et 
al., 2012), neuronal connectivity would change between 
drug-recruited neurons and the other neuronal components, 
which would sculpt the acquisition and expression of drug-
related memory. Additional research dedicated to this line of 
study will benefit further understanding of circuit-mediated 
addictive behavior. 
 
CONCLUSION 
 
The aim of circuit-wide and circuit-specific investigations for 
addiction-like behavior is to elucidate addiction mechanisms 
and offer successful therapeutic intervention for addiction. 
Accumulated data indicate that the striatum is a key brain 
area involved in drug addiction, as striatal circuits play critical 
roles in setting-up of addiction-like behaviors and are critical-
ly involved in all stages of addiction progression, from initial 
exposure to relapse. Studies using optogenetic and chemo-
genetic strategies have revealed distinct neuronal circuits 
relevant to the progression of addiction and shared circuits 
with common behavioral consequences after exposure to 
various psychostimulants (Fig. 2). Striatal circuit-selective 
activation–inactivation or potentiation–depotentiation pre-
cedes the significant alteration of addiction-like behaviors, 
substantiating the net effect of an individual circuit on the 
progression of addiction. After an exposure to psychostimu-
lant drugs, motor activity is controlled by inputs to the stria-
tum from the vHPC and the amygdala and via the direct and 
indirect pathways to increase striatal dopamine levels. These 
pathways are also necessary for encoding components of 
addictive drug-related learning and memories after repeated 
use. Furthermore, relapse to psychostimulant drugs after 
abstinence largely involves the PFC, which projects to the 
ventral striatum, for the expression of craving or compulsive 
drug-seeking behaviors. Among the striatal circuits involved 
in the progression of addiction, activation of the IL–NAc shell 
and striatal D2R-MSN indirect pathways are effective for 
inhibiting related behavioral expression. Indeed, natural pro-
tective mechanisms of the striatal indirect pathway have 
been described (Bock et al., 2013), and striatal circuit-
selective restoration of synaptic transmission has been 
shown to normalize circuit functions and rescue animal be-
haviors (Lüscher et al., 2015). Therefore, circuit-specific 
modulations provide a promising key solution for the devel-
opment of effective therapeutic interventions that amelio-
rate (or even cure) addiction at each step of the addiction 
processes. 
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